A fundamental question in microbial ecology relates to community structure, and how this varies across environment types. It is widely believed that some environments, such as those at very low pH, host simple communities based on the low number of taxa, possibly due to the extreme environmental conditions. However, most analyses of species richness have relied on methods that provide relatively low ribosomal RNA (rRNA) sampling depth. Here we used community transcriptomics to analyze the microbial diversity of natural acid mine drainage biofilms from the Richmond Mine at Iron Mountain, California. Our analyses target deep pools of rRNA gene transcripts recovered from both natural and laboratory-grown biofilms across varying developmental stages. In all, 91.8% of the B254 million Illumina reads mapped to rRNA genes represented in the SILVA database. Up to 159 different taxa, including Bacteria, Archaea and Eukaryotes, were identified. Diversity measures, ordination and hierarchical clustering separate environmental from laboratory-grown biofilms. In part, this is due to the much larger number of rare members in the environmental biofilms. Although Leptospirillum bacteria generally dominate biofilms, we detect a wide variety of other Nitrospira organisms present at very low abundance. Bacteria from the Chloroflexi phylum were also detected. The results indicate that the primary characteristic that has enabled prior extensive cultivation-independent 'omic' analyses is not simplicity but rather the high dominance by a few taxa. We conclude that a much larger variety of organisms than previously thought have adapted to this extreme environment, although only few are selected for at any one time.
Introduction
Microbial ecology and evolution studies in model natural ecosystems can greatly advance understanding the ecology of more complex natural environments. The acid mine drainage (AMD) environment has been established as a model ecosystem, due in part to microbial compositional characteristics that make the biofilms tractable for cultivation-independent molecular analyses (reviewed by Denef et al., 2010b) . AMD and other acidic environments have also been extensively studied due to their importance in acid and metal contamination, and application in the biomining industry (reviewed by Rawlings and Johnson, 2007; Gadd, 2010) .
AMD systems are generally dominated by few acidophilic Bacteria belonging to the Nitrospira and Proteobacteria phyla, whereas lower abundance members include Firmicutes, Actinobacteria and Acidobacteria phyla, Archaea and Eukaryotes (for example, Druschel et al., 2004; Golyshina and Timmis, 2005; Baker et al., 2009; Amaral-Zettler et al., 2011; Garcia-Moyano et al., 2012; and reviewed by Johnson, 2012) . Cultivation-independent techniques such as community genomics, proteomics, and microarrays have been successfully applied to study the physiology and ecology of acidophilic organisms in their natural environments. Results have provided new insight into the environmental and biological factors that influence community structure (Denef et al., 2010a; Mueller et al., 2011) . For example, protein expression of the most abundant bacteria in AMD biofilms from the Richmond Mine at Iron Mountain, California, is influenced by the community composition, whereas protein expression in lower abundance members may be controlled by abiotic factors such as pH, temperature, drainage flow and sample collection site (Mueller et al., 2010) . In addition, pH and ferrous iron concentrations promote changes in the dominant community members in AMD biofilms (Shufen Ma, personal communication) . Furthermore, fluorescence microscopy has shown that the community composition and organization of AMD biofilms change as biofilms mature (Wilmes et al., 2009) . All analyses to date have focused exclusively on relatively abundant organisms (more than a few percent of each community). Lack of information about less abundant organisms has limited our understanding of the biology of extremely acidic environments and factors that impact community structure.
Deep-sequencing the small subunit ribosomal gene (SSU ribosomal DNA) has been widely applied in surveys of the community composition of natural environment (for example, reviewed by Rajendhran and Gunasekaran, 2011; Cox et al., 2013) . However, this technique does not provide information about which organisms are actively growing. For example, Hiibel et al. (2010) used fingerprinting methods to analyze the SSU ribosomal RNA (rRNA) and ribosomal DNA from a mixed microbial assemblage, and demonstrated that analyses of the ribosomal DNA gene do not accurately represent the active members of the community. Therefore, studies of the total RNA pool using deep-sequencing technologies to evaluate the diversity of acidophilic communities have the potential to deeply explore microbial community composition and the proportional activity of community members, and provide extensive data sets suitable for diversity analyses.
The most widely used indices for exploring microbial diversity are the species richness (which gives equal weight to all phylotypes present in a community), the Shannon-Wiener index (which measures the information content of a community) and the Simpson's index (which measures the probability that two phylotypes are the same; reviewed by Bent and Forney, 2008) . In addition, Hill's diversity indices summarize different properties of a community, depending on the presence and relative abundance of taxa. Here we apply these indices to transcriptomic data to survey acidophilic microbial communities in depth, and to evaluate the importance of biofilm maturation stage, locationdependent environmental factors, and growth in laboratory bioreactors in shaping AMD microbial diversity. The results greatly expand our understanding of the diversity of AMD biofilms, and confirm that these are truly complex ecosystems. The findings clarify that it is dominance by a few taxa, not lack of complexity, that makes AMD environments good model systems for studying community physiology and ecology.
Materials and methods
Eight biofilms were collected from the A-drift, C-drift, AB-drift and 4-way locations within the Richmond Mine at Iron Mountain Mines, California (40140 0 38.42 00 N and 1221 31 0 19.90 00 W, elevation of B900 m; Figure 1 , Table 1, and Supplementary  Table S1 ). In addition, biofilms were grown at pH 1 and 37 1C in laboratory bioreactors using inocula from two locations within the A-drift, and mine outflow, as previously described (Belnap et al., 2010) . The growth stage of the biofilms was estimated visually as described earlier (Wilmes et al., 2009) . Briefly, very thin, pink biofilms were labeled growth stage 0 (GS 0); thicker, light brownish biofilms were labeled GS 1; and very thick, darkcolored biofilms were labeled GS 2. Biofilms were snap-frozen in liquid nitrogen upon collection and stored at À 80 1C.
Total RNA was obtained using two acid phenol-chloroform-isoamyl alcohol (Ambion, Grand Island, NY, USA) extractions, and immediately purified using the RNEasy MinElute kit (Qiagen, Valencia, CA, USA). Integrity and concentration of the RNA was assessed using a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Good quality (RNA integrity number 47) total RNA was converted to cDNA as described by Parkhomchuk et al. (2009) Table S1 ) and Illumina paired-end HiSeq sequencing (100 bp reads) was done for the other eight biofilms (Table 1 ). An important consideration for sequence-based 'omic' studies is that the depth of sampling is large enough that organisms at very low abundance levels can be detected. It is notable that we do not detect a wide variety of organisms typically encountered in the laboratory environment (for example, typical human or room microbiome organisms, such as skinassociated bacteria) or sequences that would suggest contamination from an isolate or other metagenomic project. Therefore, we are confident that rare community members, detected in both laboratorygrown bioreactors and field-collected samples, were intrinsic to those samples.
Low-quality bases were trimmed from the sequencing reads using the fastx_trimmer script (http:// hannonlab.cshl.edu/fastx_toolkit/) and the sickle trimmer script with default parameters (https:// github.com/najoshi/sickle). Reads 440 bp were kept for further analyses. Trimmed reads were mapped to the SSU and large subunit rRNA gene SILVA databases (Quast et al., 2013) using Bowtie (Langmead, 2010) with default parameters to separate ribosomal from non-ribosomal reads. Ribosomal reads were then mapped using Bowtie with default parameter to the SSU_Ref_108 rRNA SILVA database. Mapped reads were assembled using a reference-based approach with Cufflinks (Martin and Wang, 2011; Roberts et al., 2011) , and assembled transcripts were clustered at 97% identity using Uclust (Edgar, 2010) . Abundance measures (normalized count values generated by Cufflinks) are reported in Supplementary  Table S2 .
In order to support the results obtained by the Cufflinks pipeline, we reconstructed full-length SSU rRNA gene sequences from lower-abundance community members. Sequencing reads belonging to the abundant Leptospirillum groups II and III rRNA genes were removed from the ribosomal RNA data files by mapping reads using Bowtie (Langmead, 2010) . SSU rRNA gene sequences were then reconstructed from the remainder Leptospirillum-subtracted reads using EMIRGE (Miller et al., 2011) with parameters -l 101 -i 300 -s 100 -phred33, and run until 40 iterations. Sequences classified as chimeras by uchime (Edgar et al., 2011) and DECIPHER (Wright et al., 2012) were excluded. Relative abundances and taxonomic classification are reported in Supplementary Table S3. SSU rRNA gene sequences assembled via Cufflinks and those reconstructed with EMIRGE were classified using the Ribosome Database Project web server with an 80% cutoff for the lowest classification level (Wang et al., 2007) . Unclassified sequences (generally Eukaryotic) were searched against the SILVA database (Pruesse et al., 2012) , the Protist Ribosomal Reference Database (Guillou et al., 2013) and the non-redundant NCBI database using BLASTN. All sequences were then aligned using the SINA Aligner (Pruesse et al., 2012) . Phylogenetic tree construction was done using FastTree with parameters -gtr -nt -gamma (Price et al., 2009) , and the tree was visualized using the iTol website (Letunic and Bork, 2007) . The Nitrospira phylum phylogenetic tree was built using Phyml with 100 bootstrap (Guindon et al., 2010) , with sequences aligned using the RDP aligner (Cole et al., 2014) .
Supplementary Table S2 was used as input file for diversity analyses. Specifically, rank abundance curves and non-metric multidimensional scaling analyses were done in R (Team, 2008) using the R packages Picante (Kembel et al., 2010) and BiodiversityR (Kindt and Coe, 2005) . Net relatedness index (NRI) and nearest taxon index (NTI) values were estimated using the vegan R package (Oksanen et al., 2013) , and principal coordinates analyses were estimated using the Fast Unifrac website (Hamady et al., 2010) . Diversity profiles were calculated as presented by Leinster and Cobbold (2012) and Doll et al. (2013) .
Cryogenic transmission electron microscopy specimen preparation and imaging were done as described by Comolli et al. (2009) and Baker et al. (2010) .
Transcriptomics reads have been submitted to the NCBI sequence read archive under the accession number SRP026490. Assembled SSU rRNA sequences analyzed in this work are available in fasta format as Supplementary Materials.
Results and discussion
Community transcriptomics Biofilms at increasing stages of development were obtained from five locations within the Richmond Mine for community transcriptomic analyses (Table 1, Supplementary Table S1 and Figure 1 ). Biofilms were also grown in laboratory bioreactors in order to compare the diversity of environmental and bioreactor transcriptomes. An average 91.8% of the total sequencing reads mapped to 16S/18S and 23S/28S rRNA genes from the SILVA database, and Archaea, Bacteria and Eukaryotes were identified (Figure 2, Table 2 and Supplementary Table S4 ). In total, 1773 SSU rRNA assembled transcripts were clustered at 97% identity using Uclust into 462 operational taxonomic units (OTUs). Of these, 159 OTUs longer than 140 bp, which were also present in at least two transcriptomics data sets, were classified by The Ribosome Database Project (Wang et al., 2007) and by BLAST searches against the SILVA database (Supplementary Table S2 ). Assembled transcripts were searched against a database of hypervariable regions of the SSU rRNA gene (Huse et al., 2008) and support the taxonomic classifications (Supplementary Table S5 ). Community diversity analyses were done with these 159 OTUs.
Members of the phylum Nitrospira represent 485% of the actively growing community in all biofilms, while other Bacteria include members of the phyla Proteobacteria (of the classes Alpha, Delta, Epsilon, Gamma and T18), Actinobacteria (generally of the Acidimicrobiales class), Acidobacteria, Firmicutes (class Clostridia) and Chloroflexi (Caldilineae class; Figure 2 and Supplementary  Table S2 ). Protists, fungi and red algae have been observed previously in microscopy-based studies and SSU rRNA gene surveys of acidophilic environments Prasanna et al., 2011; Zirnstein et al., 2012) . In this study, OTUs belonging to the phyla Excavata, Heterolobosea, Rhodophyta and Opisthokonta were generally abundant in the highest developmental-stage environmental biofilm (Supplementary Tables S2 and S3) . Thermoplasmatales Archaea A-, E-and G-plasma, Ferroplasma Type I and the Nanoarchaea ARMAN-1 and ARMAN-4 were observed in all biofilms, but were most active in high developmentalstage environmental biofilms (Supplementary Table S2 ). Figure 2 Phylogenetic tree of the SSU rRNA genes identified in transcriptomic samples. Actino: Actinobacteria. Assembled SSU rRNA sequences were aligned using the SINA aligner, and phylogenetic tree reconstruction was done using FastTree. 
Metatranscriptomics of AMD biofilms DSA Goltsman et al

Community diversity
Rank abundance curves show that biofilms reach a mean species richness of o100 taxa in each sample and organismal abundance curves fall quickly, indicating that samples are largely dominated by a few OTUs (Figure 3 ). C-drift curves indicate lower richness and evenness compared with other biofilms, likely due to more extreme conditions found in this location than at other sites (Table 1 and Supplementary Table S1 ). Biofilms grown in bioreactors show comparable richness and evenness to environmental samples (Figure 3) . The taxonomy-based Shannon-Wiener diversity index and Inverse Simpson's index of diversity show similar values for biofilms from the same site, and a slight increase in diversity is observed as growth stage increases, indicating that taxonomic diversity varies more with location than with developmental stage of the biofilm (Figure 4a) . Biofilms collected at the C-drift show the lowest diversity indices, consistent with the low richness observed in rank abundance curves.
The NRI and NTI are measures of phylogenetic clustering or overdispersion closer to the root (NRI) and at the tips (NTI) of a phylogeny (Vamosi et al., 2009) . NRI values are generally negative (except for two early growth-stage biofilms that show the lowest taxonomic richness), indicating overdispersion closer to the root of the tree (that is, taxa are more distantly related to each other at higher taxonomic levels; Figure 4b ). Positive NTI values show phylogenetic clustering in all samples, indicating that taxa are more closely related at the tips of the phylogeny (Figure 4b ). Positive NTI and negative NRI values have been observed in Rio Tinto AMD samples (Amaral-Zettler et al., 2011) . Overall, the results suggest that the AMD system is characterized by a high diversity at the phylum level, but with relatively few closely related members of each phylum.
Non-metric multidimensional scaling analyses were calculated using Bray-Curtis distance matrix and two dimensions were selected (a significant reduction in stress was observed from one to two dimensions, data not shown). Non-metric multidimensional scaling ordination separates bioreactors from environmental samples, while the mature biofilm (4-way GS2) separates from the other biofilms ( Figure 5 and Supplementary Figure S1 ). Weighted Unifrac principal coordinates analyses and hierarchical cluster analyses support the separation between bioreactor and environmental biofilms, as well as late from early growth-stage biofilms (Supplementary Figure S2) , suggesting again that microbial community composition in the AMD system is driven primarily by environmental factors and, to a lesser extent, by the developmental stage of the biofilm.
Diversity profiles (Leinster and Cobbold, 2012 ) were used to explore differences in community diversity while taking taxonomy and phylogenetic similarity into account ( Figure 6 and Supplementary Figure S3 ). In diversity profile plots, the y axis represents a calculated effective diversity value and the x axis represents a sensitivity parameter 'q', where smaller 'q' gives higher weight to rare taxa and this weight decreases with increasing 'q' (Leinster and Cobbold, 2012; Doll et al., 2013) . Overall, one community is considered more diverse than another if its diversity profile curve lies above the other curve. When considering only taxonomic identity (that is, just OTUs), C-drift samples are the least diverse, and the most mature biofilm (4-way GS2) is the most diverse only at low values of 'q' (Figure 6a and Supplementary Figure S3) . When adding phylogenetic similarity to the profiles, it becomes evident that the environmental samples are more diverse than bioreactor biofilms, and more mature biofilms are more diverse than early biofilms (Figure 6b and Supplementary Figure S3B) . The 'open' nature and constant change in conditions of environmental samples likely contribute to higher community diversity. Additionally, as observed on microscopy-based analyses that considered relatively abundant taxa (Wilmes et al., 2009) , larger community membership likely increases diversity as biofilms mature.
Nitrospira phylum and low-abundance organisms There were 45 OTUs identified as belonging to the Nitrospira phylum and 18 were confidently classified as Leptospirillum groups I-IV by the Ribosome Database Project, BLAST to the SILVA database and phylogenetic tree construction (Figure 7 and Supplementary Tables S2 and S6). Leptospirillum group II generally dominates environmental biofilms, whereas Leptospirillum group III dominates bioreactor-grown samples (Table 2 and Supplementary Table  S4) . A change in dominance from Leptospirillum group II to III has been observed in biofilms exposed to low Fe þ 2 /Fe þ 3 ratios and higher pH (Shufen Ma, personal communication). Reads from Leptospirillum groups I and IV are usually present at low abundance in all samples, and the activity of group IV increases in biofilms where Leptospirillum group III is the dominant member (Table 2 ). Other Nitrospira phylum OTUs observed in most transcriptomics samples include sequences related to the Magnetobacterium genus, as well as other uncultured and unclassified Nitrospiraceae (Figure 7 , Supplementary Tables S2 and S5 ). Sequences belonging to Magnetobacterium spp.
have not yet been recovered from metagenomic data sets from AMD biofilms. In fact, magnetotactic bacteria from the Nitrospira phylum are typically found in freshwater lakes, lake sediments and hot springs (reviewed by Amann et al., 2007 and Lefevre and Bazylinski, 2013) . Using cryogenic transmission electron microscopy, we have observed long vibrio-shaped cells with intracellular magnetosome-like structures in AMD biofilms (Figure 8 ). Bullet-shaped chains of magnetite, like those in Figure 8 , have been reported in the magnetotactic Delta-Proteobacterium Desulfovibrio magneticum (reviewed by Komeili, 2012) . Therefore, the cryogenic transmission electron microscopy images confirm the presence of magnetotactic bacteria in AMD systems and support the transcriptomics findings.
Sequences longer than 1000 bp related to Acidithiobacillus caldus and other uncultured Acidithiobacilli were assembled from the data, and are mostly observed in bioreactor samples (Supplementary Table S2 ). These bacteria are often encountered in higher pH and lower temperature environments such as downstream of AMD sites and bioleaching systems (reviewed by Johnson, 2012) . Among the Actinobacteria, the full sequence of Ferromicrobium sp. Mc9KL À 1 À 9 and sequences longer than 900 bp related to uncultured Acidimicrobium bacteria were recovered from bioreactors and late growth-stage biofilms. Among the Firmicutes, full-length sequences related to Sulfobacillus thermosulfidooxidans and Alicyclobacillus disulfidooxidans were observed in all biofilms and bioreactor samples (Supplementary Figure 7 Un-rooted, maximum likelihood phylogenetic tree of members of the phylum Nitrospira. Colored dots indicate the location where the taxon is present, and half dots indicate that the taxon was present in some of the samples collected at that location. Table S2 ). Both of these organisms have been detected by cultivation-based and/or cultivation-independent methods in the AMD system (unpublished).
SSU rRNA gene reconstruction
Using EMIRGE and a data set of transcriptomics reads after subtraction of reads mapping to Leptospirillum groups II and III, we reconstructed 41 SSU rRNA gene sequences, which range from 836 to 1862 bp in length. RDP classification and percent identity alignment to SSU rRNA genes from the SILVA and Greengenes databases indicate the presence of Archaea, Bacteria and Eukaryotes, and support the transcriptomics findings described above (Supplementary Table S3 and Supplementary Figure S4 ). RNA sequencing reads from the Archaea C-plasma, G-plasma and A-plasma, and the Actinobacteria and Clostridia were most abundant in environmental samples, whereas E-plasma and the Proteobacteria were most abundant in bioreactor biofilms. Full-length Eukaryotic SSU rRNA genes from the order Capnodiales, Eurotiales, Cyanidiales and Schizopyrenida, and from the Dothideomycetes class were reconstructed, and reads are most abundant in late growth-stage biofilms. Mitochondrial and chloroplast ribosomal sequences were only observed in the most mature 4-way GS2 biofilm (Supplementary Table S3 ).
Conclusion
It is known that the RNA content and the number of ribosomes per cell are proportional to the rate of cellular protein synthesis and the rate of growth of the population (reviewed by Pace, 1973 , Condon et al., 1995 and Elser et al., 2000 . For example, it has been shown that the rate of rRNA synthesis in Escherichia coli is about twofold higher in rapid growth compared with slow growth, although the rate of mRNA synthesis does not decrease as much as rRNA synthesis under impaired growth conditions (Pace, 1973 ). An increase in the RNA to protein ratio (thus, an increase in total RNA and rRNA) with increasing growth rate was also observed in other organisms (Wagner, 1994; Karpinets et al., 2006) . Therefore, a measure of the total RNA and rRNA content provides information on the diversity based on how actively organisms are growing in a population.
Another important consideration is the potential difference between total rRNA transcripts and the fraction that forms active ribosomes. As reviewed by Pace (1973) , in E. coli growing at high growth rates most of the rRNA synthesized becomes stable (forming ribosomes), and a large amount of the rRNA synthesized at slower growth is degraded. Thus, assuming that the rRNA sampled from a natural environment at a specific time point corresponds primarily to mature, stable RNA, the amount of rRNA measured would reflect the proportion of ribosomes and the proportional activity of the cell.
Using deep sequencing of total RNA from AMD biofilms, we demonstrate that phylogenetic similarity-based diversity analyses are an appropriate method to compare levels of diversity and activity between different samples and developmental stages, and are an important addition to traditional diversity analyses studies. The findings indicate that AMD biofilm diversity is driven primarily by environmental factors rather than by the developmental stage of the biofilm. Within the same location, microbial diversity increases with biofilm maturation. Bacteria of the genus Leptospirillum dominate all samples studied, where Leptospirillum group II dominate environmental biofilms, whereas Leptospirillum group III dominate bioreactor samples. Bacteria of the Magnetobacterium genus, and of the Chloroflexi phylum have not been observed previously in community genomics or microscopy-based analyses of the well-studied Richmond Mine AMD model system. Our analyses indicate that, despite the low pH, elevated temperature and very high metal concentrations, AMD systems can be much more diverse than previously thought. The results suggest that, rather than just a few organisms being able to grow in this environment, many organisms can grow but only very few are selected for at one time, likely due to the low resource diversity in the system. We demonstrate that it is the dominance of a few taxa that makes acidophilic communities well suited for studies of ecology, physiology and diversity. 
